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• Similar emulsifying efficiency (i.e. Ccr)
for sugar beet leaf, soy and whey
protein.
• Similar critical ζ-potential for stability
against flocculation for these proteins.
• Emulsion efficiency and stability were
predicted
based
on
molecular
properties.
• Model for single protein-stabilized
emulsions applies to protein mixtures.
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To apply (novel) proteins such as sugar beet leaf proteins (LSPC) as emulsifier their emulsion properties need to
be tested over a wide range of conditions, which is impractical. Recently, a model was proposed to predict the
efficiency of proteins to form and stabilize an emulsion -based on the protein molecular properties (e.g. size,
charge) and system parameters-. In this model, the critical protein concentration (Ccr), to prevent coalescence
during emulsion formation and flocculation induced by changes in system conditions, is the key descriptor. This
study investigates whether the model, developed for single protein systems, can be applied to more complex
systems containing multiple proteins, i.e. LSPC and soy protein isolate (SPI). Despite the complexity of LSPC and
SPI, Ccr for emulsion formation and salt-induced flocculation (at ζ ≥ ζcr) were in close agreement with the
predictions. At ζ < ζcr (i.e. pH close to pI), the critical energy barrier of 5 kBT and surface coverage were found to
be the most important parameters to predict emulsion stability. As experimental values for Ccr were close to the
theoretical Ccr calculated using the model, it was concluded that protein mixtures behave similar as single
protein systems. This shows that the model developed to predict the emulsion properties of single protein systems
can also be applied, at least to get decent estimations, to more complex (plant) protein systems containing
multiple proteins.

1. Introduction
There is a growing interest to use proteins from novel sources, such
as plant leaves [1–3], as emulsifiers. In response, numerous studies
focused on the emulsion properties of novel (plant) proteins. To provide

a complete overview of the emulsion properties, such studies need to
include a range of conditions such as pH, ionic strength (I) and protein
concentration (Cp) that influence the emulsion properties. Such an
approach is impractical. Based on earlier work [4], a model was recently
developed to predict the efficiency of proteins to form and stabilize an
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emulsion [5]. The model takes system conditions (e.g. Cp, I and pH) and
molecular properties (e.g. size, hydrophobicity) into account, and offers
the opportunity to interpolate data. This model was developed for single
protein systems (e.g. β-lactoglobulin, ovalbumin) and showed good
correspondence with experimental data [5]. It has however not been
tested on more complex systems such as plant protein extracts which are
both mixtures of different types of proteins. Soy protein isolate, for
example, mainly consists of the two proteins glycinin and β-conglycinin.
These proteins are generally present in hexameric (glycinin) or trimeric
(β-conglycinin) forms. Furthermore, each monomeric glycinin unit
consists of two polypeptide chains. This illustrates some of the chal
lenges that can be encountered when working with (plant) protein
mixtures rather than with single protein systems. The main aim of this
study is to investigate whether the recently developed model [5] to
predict the emulsion properties of single protein systems could also be
applied to plant protein extracts, such as sugar beet leaf protein
concentrate (LSPC) and soy protein isolate (SPI), that are mixed protein
systems.
1.1. Surface coverage model
1.1.1. Stability against coalescence (during emulsion formation)
The fundamental concept of the surface coverage model is that an
emulsion will be stable against coalescence if the surface of the droplets
is sufficiently covered with proteins within the timescale of droplet
formation [5,6]. When the droplet surface is not saturated i.e. the
adsorbed amount (Γ) is lower than the adsorbed amount needed to
saturate the interface (Γmax), the droplets will coalesce until Γ = Γmax
(Fig. 1A). As a consequence, the droplet size (d3,2) will be larger than the
(minimal) size of the droplets created during emulsification, i.e. d3,2 min.
In case the surface is sufficiently covered (Γ = Γmax), coalescence is
prevented, resulting in a droplet size equal to d3,2 min. The implicit
assumption of this model that in principle any protein can stabilize an
emulsion against coalescence if the protein concentration is sufficiently
high to saturate the interface. While experimental data for emulsion
stabilized by globular proteins confirmed the validity of this view [4,5],
it should be noted that for some proteins coalescence could continue
until complete phase separation is reached. Moreover, even when the
interface is sufficiently covered, flocculation can still occur if the
attractive interactions are larger than the repulsive interactions.
The model describes the relation between the critical protein con
centration to prevent instability (Ccr), total area created (Acreated), the
amount of protein required to saturate the surface area (Γmax). and the
adsorption rate constant (kadsorb [-]; Eq. 1) [5].
Ccr =

Acreated Γmax
=
kadsorb
d3,2

6Φoil Γmax
− Φoil )kadsorb

min (1

(1)

The surface area created (Acreated) depends on the volume fraction of
oil (Φoil) and the droplet size created during emulsification (d3,2 min).
This d3,2 min is affected by the mechanical parameters (e.g. homogeni
zation pressure) as well as the physical properties of the system (e.g.
viscosity of the oil) [4,7]. In previous work, d3,2 min was experimentally
determined from the minimal d3,2 reached at high protein concentra
tions [5,6]. The adsorbed amount (Γmax) is calculated from the satura
tion surface coverage (θ∞) and the surface area per protein (as described
in Eqs. 8, 10 and 11). For non-diffusing particles, the θ∞ at jamming limit
was theoretically calculated to be 0.547 [8]. The area per protein de
pends on the effective radius of the protein (Reff) which is a combination
of the hard-sphere radius of the protein (Rp) and a term to account for
electrostatic repulsion, depending on charge and Debye layer thickness
(i.e. I) [9]. The adsorption rate constant (kadsorb) has been shown to
depend on the protein molecular properties, i.e. charge and exposed
hydrophobicity [9]. At this moment, a quantitative link between kadsorb
and the molecular properties is however not established yet. Therefore,
kadsorb is estimated based on the relative exposed hydrophobicity [5].
Using these relations and parameters, the model provided a good

Fig. 1. Schematic representation of the basic concept of the surface coverage
model (A), the effect of protein concentration on emulsion stability during
formation (B) and the effect of emulsion droplet charge and surface coverage on
emulsion stability after formation (C).

prediction of the experimental d3,2 as a function of Cp for different
proteins (i.e. lysozyme, β-lactoglobulin and ovalbumin) [5].
When considering actual product applications, many of the param
eters determining the level of surface saturation reached within the
timescale of formation are often fixed (e.g. homogenizer type, Φoil, pH).
As a result, protein concentration and protein molecular properties (i.e.
the protein itself) are generally the most important factors that can be
varied. For an emulsion stabilized by a specific protein, an increase in
protein concentration will increase the flux of proteins to the droplet
2
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surface [mg/m2 s] and thereby the adsorbed amount (Γ) at a given
timepoint. For protein concentrations above a critical concentration
(Ccr) [5], also referred to as the protein-rich regime, the surface of the
droplets will be saturated within the timespan of droplet formation (Γ =
Γmax). As a result, coalescence is prevented and the droplet size will be
equal to d3,2 min (Fig. 1B). For Cp < Ccr, there is insufficient protein to
saturate the oil-water interface within the timespan of droplet formation
(Γ < Γmax), leading to coalescence of the droplets. This regime is referred
to as the protein-poor regime.
The Ccr of emulsion stabilized by different proteins is also affected by
differences in Γmax and kadsorb, which in turn depend on the protein
molecular properties. The Ccr of emulsions stabilized by lysozyme,
ovalbumin and β-lactoglobulin at pH 7.0, I = 0.01 M and 10% (v/v) oil,
is for example > 25 g/L, ~ 10 g/L and ~2 g/L, respectively [5]. These
differences in Ccr were related to differences in the adsorption rate
constant (kadsorb) attributed to their varying relative exposed hydro
phobicity; 0.06, 0.19 and 1.00, respectively.

until the excess water was completely drained off (no longer than 36 h).
Afterwards, the leaves were stored in vacuum sealed bags at − 20 ◦ C.
Hyland soybeans were supplied by Fa. L. I. Frank (Twello, The
Netherlands). Sunflower oil was purchased from a local supermarket
(Wageningen, The Netherlands). Spinach D-ribulose 1,5-diphosphate
carboxylase (Rubisco; R8000), 8-anilino-1-naphthalenesulfonic acid
(ANSA; ≥ 97% purity, based on HPLC) and β-lactoglobulin (L0130, ≥
90% purity, based on PAGE) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals used were purchased from either
Merck (Darmstadt, Germany) or Sigma-Aldrich.
2.2. Protein isolation from sugar beet leaves
Proteins were extracted from the frozen sugar beet leaves by
blending the leaves in 0.15 M sodium phosphate buffer pH 8.0 con
taining 0.8 M NaCl and 0.17% (w/v) Na2S2O5, as described previously
[10]. After centrifugation to remove insoluble solids, the obtained su
pernatant containing the soluble proteins was adjusted to pH 4.5 using
0.5 M HCl to specifically precipitate the proteins. After centrifugation,
the obtained pellet containing the acid-precipitated proteins was
re-solubilized in distilled water at pH 8.0 and freeze-dried, yielding the
leaf soluble protein concentrate (LSPC). LSPC contained 62.8 ± 0.2%
(w/w db) protein (NT⋅5.23) [10] based on Dumas.

1.1.2. Stability against flocculation (induced by changes in system
conditions)
After emulsion formation, changes in system conditions (i.e. ionic
strength increase or pH change) can lead to flocculation of the emulsion
droplets, resulting in instability. Although flocculation depends on the
electrostatic repulsion between the droplets, it is also affected by the
surface coverage. Changes in ionic strength affect the effective radius of
the protein (Reff) and thereby Γmax. This was for instance illustrated by
the effect of ionic strength changes after emulsion formation on the Ccr
of β-lactoglobulin-stabilized emulsions. The Ccr increased from ~ 2.0 g/
L to ~ 2.5 g/L when the ionic strength was increased from 0.01 to 0.2 M
[5]. This increase of Ccr was attributed to an increase of Γmax due to a
decrease of the effective protein radius (Reff) as a result of a reduced
Debye layer. When sufficient protein was available to saturate the
denser surface layer (higher Γmax), no flocculation took place at
increased ionic strength.
In contrast to ionic strength, changes in pH do not only affect the
Γmax through Reff, but more importantly also affect the protein charge
and thereby the electrostatic repulsion between the emulsion droplets.
When the charge of the emulsion droplets is sufficiently reduced, floc
culation occurs. However, under these conditions, a difference was
observed in the behavior of the emulsions depending on the surface
coverage of the emulsion droplets. In the protein-rich regime, floccula
tion occurs when ζ < ζcritical (Fig. 1C), i.e. below an absolute ζ of ~9 mV
for WPI-stabilized emulsions [6]. In the protein-poor regime, floccula
tion already occurred at ζ > ζcritical (i.e. ~25 mV for WPI-stabilized
emulsions). Moreover, the surface coverage affected the reversibility
of flocculation. When the surface of the droplets was saturated (Γ =
Γmax), flocculation was found to be reversible, whereas it was irrevers
ible when the surface of the droplets was not saturated (Γ < Γmax) [6].
In conclusion, the surface coverage model seems an interesting
approach to predict emulsion properties based on protein molecular
properties and system conditions. So far, the model was however only
applied to single protein systems. This study aims to verify the appli
cability of this approach to more complex (plant) protein systems con
taining several different types of proteins. To this end, experimental data
of the emulsion properties of LSPC and SPI were collected at different
system conditions (i.e. effect of Cp, I and pH on droplet size and Ccr) and
compared with theoretical values calculated using the model.

2.3. Protein isolation from soybeans
Soy protein isolate (SPI) was produced at the Laboratory of Food
Chemistry (Wageningen University, Wageningen, The Netherlands), as
previously described [11]. In brief, defatted soybean meal (SBM) was
suspended in a 30 mM Tris-HCl buffer pH 8.0 containing 10 mM 2-mer
captoethanol. After centrifugation, the proteins were isolated from the
supernatant by acid precipitation at pH 4.8 using 2 M HCl. After
washing, the pellet was re-solubilized in water at pH 8.0 and
freeze-dried. SPI contained 63.1 ± 0.2% (w/w db) protein (NT⋅5.60)
[12] based on Dumas with a 64:36 (w/w) ratio of glycinin:β-conglycinin.
2.4. Preparation of LSPC and SPI solutions
LSPC and SPI were dispersed in 3.65 mM sodium phosphate buffer
pH 8.0 (final I = 0.01 M) and stirred for at least 3 h at room temperature
to obtain LSPC and SPI dispersions. After centrifugation (5000 g, 20 ◦ C,
10 min), the supernatants were filtered through a Büchner funnel using
a Whatman paper filter (5–10 µm; Sigma-Aldrich) to obtain the LSPC
and SPI solutions, i.e. filtrates. The ionic strength of one part of the LSPC
and SPI solutions was adjusted to 0.5 M by addition of NaCl. The sam
ples were then stirred for at least 1 h at room temperature. The pH of the
samples was periodically checked and re-adjusted to pH 8.0 by addition
of 0.2 M NaOH when necessary. All concentrations mentioned below for
LSPC and SPI solutions are on protein basis (Cp), determined using the
Pierce® BCA protein assay with BSA as a standard.
2.5. Experimental data
2.5.1. Gross chemical composition
The gross chemical composition, i.e. dry matter, protein, total
neutral monosaccharide and uronic acid content, of LSPC and SPI was
determined as described elsewhere [10]. Dry matter was determined
gravimetrically after drying at 105 ◦ C overnight. The protein content
calculated from the nitrogen content determined by Dumas and the ni
trogen conversion factors calculated based on the amino acid sequence
of the dominant proteins (5.23 for LSPC [10] and 5.6 for SPI [12]).
Neutral monosaccharides were analysed as free monosaccharides using
anion-exchange chromatography and the uronic acid content was
determined using an automated m-hydroxydiphenyl assay.

2. Materials and methods
2.1. Chemicals and sugar beet leaves
Sugar beets (Beta vulgaris L. var. Florena) were grown on a sandy
field in Wageningen, The Netherlands. After collection of the sugar
beets, the fresh leaves were manually separated from the stems. The
leaves were subsequently washed using tap water and stored at 4 ◦ C,
3
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2.5.2. Protein composition
The protein composition of LSPC and SPI (Cp = 5 g/L) was deter
mined using SDS-PAGE under reducing conditions. LSPC and SPI (Cp =
5 g/L) were prepared according to the manufacturer’s protocol. Subse
quently, the samples were applied to the gels (any kDa, Mini-protean
TGX precast protein gels, Bio-Rad Laboratories, Hercules, CA, USA).
The proteins were separated on a Mini-protean II system (Bio-Rad Lab
oratories) according to the manufacturer’s protocol and visualized by
Coomassie blue staining (InstantBlue, Expedeon, San Diego, CA, USA).

Netherlands) at 15 MPa. During homogenization, the samples were
cooled on ice-water. Subsequently, the emulsions were stored under
quiescent conditions at 4 ◦ C for 24 h, i.e. well above the reported
freezing (− 11 to − 50 ◦ C) and melting (− 38 to − 16 ◦ C) points of sun
flower oil [16]. Prior to analysis, the emulsions were brought to room
temperature. Three different sets of experiments were performed:
2.5.7.1. Effect of protein concentration. LSPC and SPI solutions at
different protein concentrations (Cp = 0.25–10.0 g/L for LSPC and Cp =
0.6–9.2 g/L for SPI) at pH 8.0 and I = 0.01 M were prepared and
emulsions were formed. After emulsification, the pH of the LSPC- and
SPI-stabilized emulsions was re-adjusted to pH 8.0 using 0.2 M NaOH (if
needed). Subsequently, the emulsions were further diluted by adding 1
part 3.65 mM sodium phosphate buffer adjusted pH 8.0–7 parts
emulsion.

2.5.3. Protein size
The size of the proteins in the LSPC and SPI solutions at pH 8.0 and I
= 0.01 M (obtained after centrifugation of LSPC and SPI dispersions at
Cp = 5.0 g/L, i.e. final Cp approximately 1.25 and 1.0 g/L for LSPC and
SPI, respectively) was determined with a Zetasizer Nano ZSP (Malvern
Instruments, Worcestershire, UK) at 25 ◦ C and a scattering angle of
173◦ . Data was collected over three sequential readings and averaged.

2.5.7.2. Effect of ionic strength. After emulsification, the ionic strength
of part of the LSPC- and SPI-stabilized emulsions (Cp = 0.25–10.0 g/L for
LSPC and Cp = 0.6–9.2 g/L for SPI) at pH 8.0 and I = 0.01 M was
adjusted to 0.5 M. The ionic strength was adjusted by mixing 1 part
3.65 mM sodium phosphate buffer pH 8.0 (Na2HPO4 and NaH2PO4 in a
molar ratio of 0.86:0.14) containing 3.99 M NaCl (total I = 4.0 M) with
7 parts initial emulsion. If needed, the pH was re-adjusted to pH 8.0
using 0.2 M NaOH.
The ionic strength was calculated based on the concentration of all
ions in solution as described in Eq. 2.

2.5.4. Protein solubility
The protein solubility as a function of pH was determined for LSPC
and SPI solutions (obtained after centrifugation of LSPC and SPI dis
persions at Cp = 10.0 g/L, resulting in a Cp of ± 2.5 g/L for LSPC and
± 2.0 g/L for SPI) as previously described [13], with adaptations. The
pH of LSPC and SPI solutions at low (I = 0.01 M) and high (I = 0.5 M)
ionic strength was adjusted from pH 8.0–2.0 with 1 unit intervals, using
0.2 M HCl. Added amounts of HCl or NaOH and the actual pH values
were recorded using a pH-stat unit (719 S Titrino, Metrohm, Herisau,
Switzerland). At each pH interval, the conductivity of the protein solu
tions was measured using a conductivity meter (Inolab conductivity
meter level 1, WTW, Weilheim, Germany) and converted to the equiv
alent molar concentration of NaCl. The pH adjustment did not consid
erably influence the ionic strength of the solutions up to pH 3.0. After
pH-adjustment, samples were kept at room temperature for at least
1 h. The samples were then centrifuged (5000 g, 20 ◦ C, 10 min) and the
protein concentration of the supernatants was determined using Dumas,
as described previously [10].

I=

n
1∑
ci zi 2
2 i=1

(2)

where I is the ionic strength [M], n is the number of ions, ci is the molar
concentration of ion i [M] and zi is the charge of ion i [-]. The molar
concentrations of the relevant phosphate ions (z = − 1 and-2) were
calculated based on the Henderson-Hasselbalch equation using a pKa of
7.21.
2.5.7.3. Effect of pH. After emulsification, the pH of part of the LSPCand SPI-stabilized emulsions (Cp = 0.25–10.0 g/L for LSPC and Cp =
0.6–9.2 g/L for SPI) was adjusted to pH 5.0 and 3.0 using 0.1 or 0.2 M
HCl. Subsequently, the emulsions were diluted by adding 1 part
3.65 mM sodium phosphate buffer adjusted to the respective pH to 7
parts emulsion.
To study the effect of pH in more detail, the pH of the LSPC- and SPIstabilized emulsions (Cp = 10.0 g/L for LSPC and Cp = 9.2 g/L for SPI) at
pH 8.0 and I = 0.01 M, was adjusted after emulsification to pH 2.0–7.0,
with 1 unit interval, using 0.1 or 0.2 M HCl. The emulsions were further
diluted by adding 1 part 3.65 mM sodium phosphate buffer adjusted to
the respective pH to 7 parts emulsion.

2.5.5. ζ-potential of solutions
The ζ-potential of LSPC and SPI solutions (obtained after centrifu
gation of LSPC and SPI dispersions at Cp = 5.0 g/L, i.e. final Cp
approximately 1.25 and 1.0 g/L for LSPC and SPI, respectively) were
measured as a function of pH (pH 2.0–8.0, with 1 unit intervals) at I
= 0.01 M was determined with a Zetasizer Nano ZSP (Malvern In
struments) using the Doppler velocimetry technique at 25 ◦ C and 150 V.
Data was collected over three sequential readings and processed with
Henry’s equation [14] using the Smoluchowski approximation.
2.5.6. Exposed hydrophobicity
Protein-exposed hydrophobicity was determined using ANSA as a
fluorescent probe, as described previously [15], with adaptations. LSPC
and SPI solutions (Cp = 0.5 g/L) and 2.4 mM ANSA solutions were made
in 3.65 mM sodium phosphate buffer pH 8.0. The maximum area of each
fluorescence spectrum was corrected with the area of the buffer. The
relative exposed hydrophobicity was expressed as the maximum area
obtained for the sample relative to the maximum area obtained for a
0.5 g/L β-lactoglobulin solution in the same buffer.

2.5.8. Droplet size
2.5.8.1. Diffusing wave spectroscopy (DWS). As indication of the
average droplet size in situ, i.e. without dilution, DWS measurements
were performed using forward laser scattering at 13◦ angle in a Zetasizer
Nano ZSP (Malvern Instruments). The path length was 4 mm and the
measurement position was set to 2.19 mm. Measurements were per
formed at 25 ◦ C for 120 s and data of five sequential runs were averaged.
The dispersant was water with a refractive index of 1.33 and a viscosity
of 0.8872 mPa s. The particle absorption was 0.001 and its refractive
index was 1.45. The averaged data were normalized by dividing all the
values obtained by the maximum value measured. Normalized auto
correlation curves were fitted using Eq. 3 as described elsewhere [15].

2.5.7. Emulsification
It is important to note that the effect of pH and ionic strength on the
emulsion properties was studied by adjusting the pH and I of the
emulsions after homogenization. Emulsions with different protein con
centrations were prepared by mixing LSPC and SPI solutions with 10%
(v/v) sunflower oil using an Ultra turrax Type T-25B (IKA, Staufen,
Germany) at 9500 rpm for 1 min. Next, the samples were homogenized
by passing them 30 times through a Labhoscope 2.0 laboratory scale
high-pressure homogenizer (Delta Instruments, Drachten, The

g2 (t) − 1 = e−

βtp

(3)

in which g2(t) is the autocorrelation function of multiple scattered light
4
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as function of time t, and β and p are fitting parameters. The decay time
(τ1/2), which is defined as the time at which g2(t)− 1 decayed to half of
its initial value, was determined based on the obtained fitting
parameters.

total Mw for Rubisco of 535,920 g/mol, which is close to the rough es
timate of 550,000 g/mol [3]. Therefore, for calculations of the Mw of
LSPC, the hexadecameric form of Rubisco was used. The SPI used in this
study consists of glycinin and β-conglycinin in a ratio of 64:36 (w/w)
[12].
At pH 7.6 and I = 0.5 M, glycinin is present as hexamer with a Mw of
320,000 - 360,000 g/mol [18–20]. At pH 7.6 and I = 0.03 M, glycinin is
predominantly present as hexamer, while a small part of it (15–25%) is
present as trimer [20]. β-conglycinin at pH > 5.0 and I = 0.5 M is mainly
present as trimer with a Mw of 180,000 g/mol, whereas at I < 0.1 M, it is
mainly present as hexamer [21]. For calculations, the Mw of a hypo
thetical SPI molecule was therefore estimated to be 325,440 g/mol at pH
8.0 and I = 0.01 M and 282,400 g/mol at pH 8.0 and I = 0.5 M.

2.5.8.2. Laser diffraction. The average droplet size of the emulsions
(expressed as volume surface average diameter; d3,2) was measured
using a Mastersizer 3000 (Malvern Instruments) equipped with a Hydro
SM sample dispersion unit, using water as dispersion medium. The
droplet size was calculated using the general purpose model with a
refractive index of 1.46 and 1.33 for the droplet and dispersant,
respectively and 0.01 for the particle absorption. For each sample, five
sequential measurements were performed and averaged. The volumesurface average diameter (d3,2) was calculated, as described previ
ously [15].
The d3,2 as a function of concentration was fitted using Eq. 4 and 5 to
obtain the fitting parameters (α, d3,2 min and Ccr).
For Cp < Ccr (protein-poor regime):
(
)
1
1
d3,2 = α
−
(4)
+ d3,2 min
Cp Ccr

2.6.2. Theoretical energy barrier for aggregation
The theoretical energy barrier for aggregation was calculated based
on the DLVO theory with the experimental ζ-potential of the solutions
( ± 0.001 V) as indication for the surface potential. According to the
DLVO theory, the overall interaction potential (Utot [J]) between two
protein molecules is the sum of the van der Waals interactions (UvdW [J])
and electrostatic interactions (Ue [J]). The UvdW and Ue were calculated
using Eqs. 6 and 7 [22], respectively. Since globular proteins such as the
proteins in SPI and LSPC are compact (and charged), they do not possess
molecular chains sticking into the solvent required to provide significant
steric repulsion [23,24]. Therefore, steric repulsion was considered to be
less relevant for these proteins and was omitted from the calculations.
(
))
(
A
2Rp 2
2Rp 2
4Rp h + h2
UvdW = −
+
+
ln
6 4Rp h + h2 4Rp 2 + 4Rp h + h2
4Rp 2 + 4Rp h + h2

For Cp ≥ Ccr (protein-rich regime):
d3,2 = d3,2 min

(5)

in which Cp is the protein concentration [g/L] and α [L/g], Ccr (critical
concentration [g/L]) and d3,2 min (minimum average particle size [μm])
are the fitting parameters.
2.5.8.3. Comparison of DWS and laser diffraction. The d3,2 showed a
similar trend as the decay time (τ1/2; Figs. 4–6). Therefore, biases caused
by dilution and/or mechanical deformation introduced by the mea
surement of d3,2 such as breakdown of flocculates induced by depletion
can be excluded. Consequently, d3,2 was used as indication of the
average droplet (or flocculate) size.

(6)
Ue = − 2πε0 εr Rp Ψ0 2 e−

κh

(7)

in which A is the Hamaker constant [4.83⋅10− 21 J, as experimentally
determined for patatin-stabilized emulsions] [25], Rp is the hard-sphere
protein radius [m], h is the separation distance between the particles
[m], εo is the dielectric constant of vacuum [8.85⋅10− 12 C2/J m], εr is the
relative refractive index of the medium [80], Ψ0 is the surface potential
[V] and κ is the inverse Debye screening length [m]. The hard-sphere
radius of the protein (Rp) and inverse Debye screening length (κ) were
calculated using Eq. 8 [26] and 9, respectively.

2.5.9. Light microscopy
Light microscopy (20x magnification) (Axioscope A01, Carl Zeiss,
Sliedrecht, The Netherlands) was used to distinguish between floccula
tion and coalescence. Emulsions were either diluted 1:1 with the
respective buffer or with 0.5% (w/v) SDS in the respective buffer. In case
of flocculation, the emulsion droplets (or flocculates) are expected to fall
apart after addition of SDS, whereas no effect of SDS is expected when
coalescence occurs [17].

(
Rp =

3νMw
4 π Na

)13

√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Na e2 I
κ=
ε0 εr κВ T

2.5.10. ζ-potential of emulsions
The ζ-potential of LSPC- and SPI-stabilized emulsions (Cp = 10.0 g/L
for LSPC and Cp = 9.2 g/L for SPI) as a function of pH (pH 2.0–8.0, with
1 unit intervals) at I = 0.01 M were determined with a Zetasizer Nano
ZSP (Malvern Instruments) at 25 ◦ C. Prior to analysis, samples were
diluted 500 times in buffers of the respective pH (I = 0.01 M) and
subsequently measured at 40 V. Data was collected over three sequential
readings and processed with Henry’s equation [14] using the Smo
luchowski approximation.

(8)

(9)

in which ν is the average partial specific volume of a protein [0.73⋅10− 6
m3/g] [26], Mw is the theoretical molecular mass of the protein [g/mol],
Na is the Avogadro constant [6.022⋅1023/mol], e is the elementary
charge [1.602⋅10− 19 C], I is the ionic strength [mol/m3], kВ is the
Boltzmann constant [1.38⋅10− 23 J/K] and T is the temperature [K].
2.6.3. Theoretical critical ζ-potential for flocculation
The theoretical critical ζ-potential (ζcr) for flocculation was calcu
lated using the DLVO theory, as described previously [6]. The overall
interaction potential (Utot [J]) between two protein stabilized emulsion
droplets is the sum of UvdW and Ue which were calculated based on Eqs. 6
and 7 [22], respectively, with the droplet radius [m] as R.
It was assumed that flocculation occurs when the primary maximum
is below 5 kBT or when the secondary minimum is below − 5 kBT [25].
Using this critical energy barrier of 5 kBT, Utot vs h was plotted for
different values of Ψ0 (at a constant droplet radius of 3⋅10− 6 m (i.e. ½⋅d3,
3
2 min) and an ionic strength of 10 mol/m , i.e. I = 0.01 M). The theo
retical critical ζ-potential corresponds to the lowest Ψ0 for which Utot

2.6. Calculations of model parameters
2.6.1. Theoretical molecular mass (Mw)
Based on SDS-PAGE analysis of LSPC, Rubisco was found to be the
most abundant protein in LSPC (> 80% of total protein). Rubisco is
typically present as a hexadecameric structure, consisting of 8 large
(uniprot.org, accession code Q4PLI7; 52,520 g/mol) and 8 small sub
units. Since the amino acid sequence for the Rubisco small subunit of
Beta vulgaris is not available, the average of the reviewed amino acid
sequence of the closest relative -Spinacia oleracea- was used (uniprot.org,
accession codes P00870 and Q43832; 14,470 g/mol). This results in a
5
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≥ 5 kBT.
2.6.4. Theoretical maximum adsorbed amount of an adsorbed protein
monolayer
The theoretical maximum adsorbed amount of a monolayer (Γmax,
2
theory [mg/m ]) was calculated using Eq. 10 [9].
Γ max,theory =

Mw ⋅103
θ∞
πReff 2 Na

(10)

in which θ∞ is the saturation coverage at the jamming limit [-], which
was theoretically calculated to be 0.547 and 0.907 for non-diffusing and
diffusing proteins, respectively [8,27] and Reff is the effective protein
radius [m]. Reff was calculated using Eq. 11 [9].
( )
1
x −1
Reff = Rp − ln
(11)
κ
2
Rp
in which Rp is the hard-sphere radius of the protein [m] and x is a
constant [m]. For both LSPC and SPI, the constant x was assumed to be
similar as for β-lactoglobulin (1.77⋅10− 9 m, at pH 7.0) [9], given that the
exposed hydrophobicity (QH) and ζ-potential of LSPC, SPI and β-lacto
globulin are in the same range; QH is 0.9, 1.1 and 1.0, respectively and
ζ-potential is − 21.4, − 24.1 and − 21.2 mV, respectively. The
hard-sphere radius of the protein (Rp) was calculated using Eq. 8 [26].

Fig. 2. SDS-PAGE of LSPC and SPI under reducing conditions stained by Coo
massie blue. In the LSPC lane, the large (LS) and the small (SS) Rubisco subunits
are indicated. In the SPI lane, the α/α’ subunits of β-conglycinin (α/α’), the β
subunit of β-conglycinin (β), the acidic polypeptides of glycinin (except A5;
Acidic), the basic polypeptides of glycinin (Basic) and the acidic polypeptide A5
of glycinin (A5) are indicated.

2.6.5. Theoretical droplet size and critical concentration
The theoretical droplet size (d3,2 [µm]) as function of protein con
centration was calculated based on the surface coverage model using Eq.
12 [5].
d3,2 = (

6Φoil Γmax, theory
)
1 − Φoil Cp kadsorb

Table 1
Gross chemical composition (% w/w dry basis) of LSPC and SPI solutions at pH
8.0 and I = 0.01 M.

(12)

LSPC
SPI

in which Φoil is the volume fraction oil [-] and kadsorb is the adsorption
rate constant of the protein [-], which can be estimated by QH [5].
Similarly, the theoretical critical concentration (Ccr [g/L]), i.e. con
centration above which the droplet size is equal to the minimum droplet
size (d3,2 min), can be calculated based on Eq. 13.
Ccr =

6Φoil Γmax, theory
d3,2 min (1 − Φoil )QH

Proteina

Neutral constituent monosaccharides

Uronic acids

62.8 ( ± 0.2)
63.1 ( ± 0.2)

4.6 ( ± 0.1)
4.7 ( ± 0.2)

3.9 ( ± 0.1)
1.2 (<0.1)

a
Determined as NT•kp. kp = 5.23 [10] and 5.60 [12] for LSPC and SPI,
respectively.

(> 80% Rubisco) is similar as reported for Rubisco extract from sugar
beet leaves [3]. Since the solubility of Rubisco extract increased again at
lower pH, the lower solubility of LSPC at pH < 5.0 was related to the
presence of charged carbohydrates in LSPC leading to the formation of
insoluble protein-carbohydrate complexes (as the protein was expected
to be soluble under these conditions). Based on other studies, the solu
bility of SPI was expected to increase below pH 4.0, the reported solu
bility of SPIs at pH 3.0 however ranges from < 30–98% (solubility at pH
8.0 arbitrarily set at 100%) [29–33]. The decreased solubility coincides
with a decreased net charge, illustrated by a sharp decrease in solubility
at an absolute ζ-potential of 16 mV (Fig. 3C). Based on the DLVO theory
(Eqs. 6 and 7), the critical energy barrier to prevent aggregation and
precipitation was calculated to be 0.71–0.97 kBT for LSPC and 0.63–0.86
kBT for SPI.
At high ionic strength (I = 0.5 M), the solubility of LSPC did not
increase at low pH, but remained low (12.8 ± 0.7%; Fig. 3A). For SPI,
the solubility decreased at pH < 5.0 (instead of pH < 6.0; Fig. 3B).
Moreover, the solubility of SPI at pH < 4.0 was higher at high than at
low ionic strength. The increased solubility of SPI at pH 5.0 and high
ionic strength was previously reported in literature [20,34]. The
mechanism behind the effect of ionic strength on protein solubility
around the iso-electric point is, however, not yet well understood.

(13)

3. Results and discussion
3.1. Characterization of LSPC and SPI solutions
Sugar beet leaf protein concentrate (LSPC) contained 62.8% (w/w
db) protein. Rubisco was the main protein as indicated by the dominant
bands around 50,000 and 12,000 g/mol (Fig. 2). Furthermore, LSPC
contained 8.5% (w/w db) carbohydrates of which 3.9% (w/w db) acidic
monosaccharides, i.e. uronic acids (Table 1). The gross composition as
well as the protein composition of LSPC were similar as previously re
ported for LSPC obtained from a different sugar beet variety [9]. Soy
protein isolate (SPI) contained 63.1% (w/w db) protein, mostly β-con
glycinin and glycinin (Fig. 2). In addition, SPI contained 5.9% (w/w db)
carbohydrates; of which 1.2% (w/w db) acidic monosaccharides
(Table 1). For both SPI and LSPC, only 70–75% of the dry matter was
annotated. An incomplete mass balance has been observed more
frequently for plant protein samples [e.g. 10, 28], but this deviation
cannot be explained yet.
The proteins in the LSPC and SPI solutions at pH 8.0 and 0.01 M had
a radius of 6.3 ± 0.5 nm and 5.6 ± 0.1 nm, respectively. This is similar
to the theoretical radii of the proteins, i.e. 5.4 nm for LSPC and 4.6 nm
for SPI, calculated using Eq. 8.
At low ionic strength (I = 0.01 M), the solubility of LSPC and SPI
decreased significantly at pH < 6.0 (Fig. 3A, B). For LSPC, the solubility
increased again below pH 4.0. At pH ≥ 5.0, the solubility curve of LSPC

3.2. Characterization of LSPC- and SPI-stabilized emulsions
3.2.1. Effect of protein concentration on emulsion formation
At low concentrations (Cp ≤ 0.6 g/L), the average droplet size (d3,2)
of both LSPC- and SPI-stabilized emulsions increased, rather than
decreased, with increasing protein concentration (Fig. 4 A, B). Upon
6
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interface as β-lactoglobulin (i.e. equally fast), and more efficiently (i.e.
faster) than ovalbumin and lysozyme.
3.2.1.1. Predicting emulsion formation. To assess whether the surface
coverage model (Eq. 12) can predict emulsion formation, the theoretical
d3,2 as a function of protein concentration was calculated for the LSPCand SPI-stabilized emulsions at pH 8.0 and I = 0.01 M. For the calcu
lation of Γmax, theory, the theoretical saturation coverage (θ∞) for nondiffusing particles was assumed [i.e. 0.547] [8], resulting in theoret
ical adsorbed amounts of 3.1 and 2.6 mg/m2 for LSPC and SPI, respec
tively (Table 3). The theoretical d3,2 was in close agreement with the
experimental data, especially for the LSPC-stabilized emulsions (Fig. 4E,
F). This shows that the surface coverage model developed for pure
protein-stabilized emulsions can also be used to quantitatively predict
the formation of emulsions stabilized by more complex protein mixtures.
3.2.2. Effect of ionic strength on emulsion flocculation
Increasing the ionic strength of the LSPC- and SPI-stabilized emul
sions to 0.5 M did not affect the d3,2 at concentrations ≥ ~5 g/L
(Fig. 4A, B). This shows that under these conditions no flocculation
occurred. At lower protein concentrations, however, flocculation did
occur after increasing ionic strength as confirmed by the dissociation of
the flocculates upon addition of SDS observed by microscopy. The
experimental Ccr separating the flocculated and non-flocculated regime
(i.e. Ccr to prevent flocculation) was 5.4 and 3.5 g/L for LSPC and SPI,
respectively (Table 2). The higher Ccr at high ionic strength is attributed
to the fact that a decrease of the Debye layer (κ) with increasing ionic
strength leads to a decrease of the effective radius of the proteins (Reff;
Eq. 11) [5,9]. As a result, Γmax and Ccr increase (Eqs. 10 and 13,
respectively). Based on the critical energy barrier for flocculation of 5
kT, the theoretical critical ζ-potential to prevent flocculation at high
ionic strength was estimated to be > 200 mV. This value definitely ex
ceeds the ζ -potential of the emulsion droplets, since the ζ -potential of
the emulsions at low ionic strength was 25–30 mV at pH 8.0. This
discrepancy between the theoretical and experimental value can either
be explained by an additional steric contribution, but it may also be
caused by a minor overestimation of the Hamaker constant. In the
current calculations, a Hamaker constant of 4.83•10− 21 J was used,
experimentally determined for patatin-stabilized emulsions [25]. When
using a Hamaker constant of 2.1•10− 21 J, similar to the value of
2.8•10− 21 J previously reported for caseins [36], the theoretical critical
ζ -potential would only be ~20 mV. This could explain the stability
against flocculation. As a result, the Hamaker constant may be lower
than previously expected.
3.2.2.1. Predicting salt-induced flocculation. In addition to the experi
mental Ccr, the theoretical Ccr was calculated (Eq. 13). Due to decreased
Debye layer at high ionic strength, the theoretical maximum adsorbed
amount (Γmax, theory based on θ∞ of 0.547) increased to 4.9 and 4.0 mg/
m2 for LSPC and SPI, respectively (Table 3). Using these adsorbed
amounts and a minimum droplet size (d3,2 min) of 0.6 µm, the theoretical
Ccr was calculated to be 4.9 and 5.0 g/L for LSPC and SPI, respectively.
These theoretical values are in close agreement with the experimental
values (i.e. Ccr of 5.4 and 3.5 g/L for LSPC and SPI, respectively),
especially for the LSPC-stabilized emulsions. This shows that the surface
coverage model can predict the stability against salt-induced floccula
tion of emulsions stabilized by more complex protein mixtures.

Fig. 3. Protein solubility as a function of pH (A, B) and absolute ζ-potential (C)
for LSPC (closed symbols) and SPI (open symbols) solutions at I = 0.01 M (■,
□) and I = 0.5 M (◆, ⋄). Markers in panel A and B are average values of two
analyses with the error bars indicating the standard deviation.

closer inspection it was found that at those lower protein concentrations
part of the oil was not incorporated in the emulsion during the preemulsification step. In other words, the actual volume fraction of oil
(Φoil) in the emulsion was below 0.1 and Φoil increased with increasing
protein concentration (from ~0.03 at 0.5 g/L to ~0.07 at 0.6 g/L).
At higher concentrations (Cp > 0.6 g/L), the average droplet size
(d3,2) decreased with increasing concentration (i.e. protein-poor
regime). Above a critical concentration (Ccr), the droplet size was con
stant at d3,2 min (i.e. ~0.6 µm; protein-rich regime). By fitting the
experimental data using Eq. 4 and 5, the experimental Ccr for LSPC and
SPI were estimated to be 2.0 and 1.0 g/L, respectively (Table 2). These
critical concentrations are similar to the Ccr reported for β-lactoglobulin
(i.e. 2 g/L), but significantly lower than the Ccr for ovalbumin and
lysozyme (i.e. 10 and > 25 g/L, respectively) [5]. This shows that, under
these conditions, LSPC and SPI adsorb as efficiently to the oil-water

3.2.3. Effect of pH on emulsion flocculation
When the pH of the emulsions was adjusted from pH 8.0–5.0 or 3.0,
the d3,2 increased for all protein concentrations (Fig. 5A, B). The in
crease in d3,2 was not caused by coalescence, but by flocculation, as
confirmed by microscopy (Fig. 6). Still, two concentration regimes could
be observed. Flocculation -indicated by the increased d3,2- around the pI
was also reported for other proteins, such as whey protein isolate (WPI)
7
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Fig. 4. Average droplet size (d3,2; A, B, E and F) and decay time (τ1/2; C, D) as function of protein concentration of emulsions stabilized with LSPC (A, C, E; closed
symbols) and SPI (B, D, F; open symbols) at pH 8.0 and I = 0.01 M (■, □) or I = 0.5 M (◆, ⋄). In panels A and B, lines represent the fit of the experimental data with
Eq. 4 and 5 using the fitting parameters from Table 2. In panels C and D, lines are guides to the eye. In panels E and F, the solid lines represent the theoretical d3,2 for
LSPC- and SPI-stabilized emulsions at pH 8.0 and I = 0.01 M, calculated using Eq. 12 with Γmax, theory based on θ∞ = 0.547. All markers are average values of five
measurements with the error bars indicating the standard deviation.
Table 2
Critical concentrations (Ccr) and minimal droplet size (d3,2 min) obtained by
fitting the experimental d3,2 as a function of concentration at pH 8.0 (Fig. 4)
using Eq. 4 and 5.
d3,2 (Cp)fit

Cp <Ccr: d3,2 =
)
(1
1
+
α
−
Cp Ccr
d3,2min Cp ≥Ccr:
d3,2 = d3,2min

LSPC

α

[-]d3,2 min
[µm]
Ccr [g/L]a

Table 3
Theoretical adsorbed amount of protein at the interface at pH 8.0 (Γmax, theory).

SPI

I
= 0.01 M

I
= 0.5 M

I
= 0.01 M

I
= 0.5 M

2.90.64

20.20.66

1.20.60

10.90.63

2.0

5.4

1.0

3.5

Literature data

Mw [g/
mol]

Experimental
data

Ψ0 [V]
QH [-]
Φoil [-]
κ− 1 [nm]a
Rp [nm]b
Reff [nm]c
Γmax,

Calculated
data

theory

[mg/
m2]d

a

Critical concentration to prevent coalescence during emulsion formation at I
= 0.01 M and to prevent flocculation at I = 0.5 M, respectively.

a, b, c

[6,35] and patatin [25].
To study the effect of charge on protein-stabilized emulsions in more
detail, the pH of the LSPC- and SPI-stabilized emulsions (I = 0.01 M and

and

d

Conditions

LSPC

SPI

I = 0.01/0.5 M

535,920/
535,920

325,440/
282,400

-21.4⋅10− 3
0.9
0.10
3.1/0.4
5.4/5.4
7.1/5.6
3.1/4.95.1/
8.2

-24.1⋅10− 3
1.1
0.10
3.1/0.4
4.6/4.3
6.0/4.5
2.6/4.04.3/
6.6

I = 0.01/0.5 M
I = 0.01/0.5 M
I = 0.01/0.5 M
I = 0.01/0.5 M
(θ∞ = 0.547)(θ∞
= 0.907)

were calculated using Eqs. 9, 8, 11 and 10, respectively.

Cp ~ 10 g/L; protein-rich regime) was adjusted to values between pH 8.0
and 2.0. For the LSPC-stabilized emulsions, the emulsion droplets
8
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Fig. 5. Average droplet size (d3,2; A, B) and decay time (τ1/2; C, D) as function of protein concentration of emulsions stabilized with LSPC (A, C; closed symbols) and
SPI (B, D; open symbols) at pH 3.0 (●, ○), pH 5.0 (▴, △) or pH 8.0 (◆, ⋄) and I = 0.01 M. All markers are average values of five measurements with the error bars
indicating the standard deviation. Lines are guides to the eye.

Fig. 6. Light microscopy pictures of LSPC-stabilized emulsions (10 g/L, 10% v/v oil) at pH 8.0, pH 8.0 adjusted to pH 5.0, pH 8.0 adjusted to pH 5.0 with SDS and pH
8 adjusted to pH 5.0 and re-adjusted to pH 8.0.

flocculated between pH 5.0–4.0 (Fig. 7A, B). For the SPI-stabilized
emulsions, flocculation was observed over a wider pH range (pH
5.0–2.0). Similar to protein aggregation in solution (Fig. 3C), floccula
tion coincided with the pH range where the charge of the emulsion
droplets was low (Fig. 7C, D). The transition from non-flocculated to
flocculated emulsions occurred at an absolute ζ-potential of ~11 mV, i.
e. the critical ζ-potential (ζcr). This experimental ζcr is in close agreement
with the theoretical ζcr (~11 mV) calculated based on a critical energy
barrier for flocculation of 5 kBT [25]. In addition, this value is similar to
the experimental ζcr determined for flocculation of WPI-stabilized
emulsions (ζcr ~9 mV) [6]. It is however significantly lower than the
commonly suggested ζcr of 25–30 mV [37,38].

LSPC-stabilized emulsions, the reversibility at high concentrations is
postulated to be caused by the fact that sufficient proteins are present to
form a saturated adsorbed layer (Γ = Γmax), even at a pH close to the pI
(i.e. for Reff = Rp). Due to the lack of electrostatic repulsion at pH ~pI,
the emulsions will still flocculate. When the electrostatic repulsion is
increased again, by for example re-adjustment of the pH, these floccu
lates dissociate (Fig. 6). At low protein concentrations, there is not
sufficient protein to form a saturated interface at pH~pI (i.e. Γ < Γmax).
One hypothesis is that proteins under these conditions become attached
to two droplet interfaces, thereby hindering the dissociation of the
flocculates upon increase of the electrostatic repulsion.
3.2.3.2. Towards predicting pH-induced flocculation. To describe pHinduced flocculation, studies typically focus on electrostatic in
teractions. Below the critical energy barrier for flocculation (i.e. 5 kBT),
flocculation was indeed observed. However, the observations on
reversibility of pH-induced flocculation clearly show that the amount of
protein available to adsorb to the interface affects the type or structure
of flocculates. Therefore, the critical energy barrier as well as surface
coverage should be considered to describe, and in a later stage predict,
pH-induced flocculation.

3.2.3.1. Effect of protein concentration on reversibility of pH-induced
flocculation. For whey protein isolate, it was previously found that pHinduced flocculation was reversible in the protein-rich regime (Γ =
Γmax) [6]. To determine whether this was also the case for less pure
systems, the pH of LSPC-stabilized emulsions (Cp = 1 and 10 g/L) was
re-adjusted from pH 5.0 and pH 3.0 to pH 8.0. As for WPI, pH-induced
flocculation for LSPC-stabilized emulsions was reversible at high pro
tein concentration (Cp = 10 g/L), whereas flocculation was irreversible
at lower concentrations (Cp = 1 g/L; Fig. 8). For both WPI- and
9
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Fig. 7. Average droplet size (d3,2; A, C) and decay time (τ1/2; B, D) of emulsions stabilized by LSPC (●) and SPI (○) at I = 0.01 M and 10 g/L as a function of pH (A, B)
and absolute ζ-potential (C, D). All markers are average values of three (for ζ-potential) or five (for d3,2 and τ1/2) measurements with the error bars indicating the
standard deviation. The gray area in panel C and D represent the ζ < ζcr.

can therefore be applied to compare emulsion properties of different
proteins, both single protein systems as well as protein systems con
taining multiple proteins.
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Fig. 8. Decay time (τ1/2) for LSPC-stabilized emulsions (Cp = 1 and 10 g/L) at
pH 8.0 (□), pH 8.0 adjusted to pH 3.0 or pH 5.0 (■) and pH 8.0 adjusted to pH
3.0 or pH 5.0 and re-adjusted to pH 8.0 (■).
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Despite the complexity of LSPC or SPI, consisting of multiple proteins
in multimeric states, emulsion formation and salt-induced flocculation
(ζ ≥ ζcr) closely followed the predictions of the surface coverage model.
To predict pH-induced flocculation (ζ < ζcr), the critical energy barrier
for flocculation of 5 kBT and the surface coverage were found to be the
most important parameters (similar to previous observations for WPIstabilized emulsions). The close correspondence between experimental
and predicted data (at ζ ≥ ζcr) shows that, although one may have
anticipated large effects of non-proteinaceous constituents, the major
proteins dominated the emulsion behavior. This was underlined by the
fact that the behavior of emulsions stabilized by LSPC or SPI was similar
to that of (purified) single protein systems. The surface coverage model
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online version at doi:10.1016/j.colsurfa.2022.128950.
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